Experiments demonstrate directional suppression of noise from a high-speed jet using an asymmetric parallel secondary stream. The secondary stream attenuates Mach wave radiation in the lower hemisphere of the acoustic far eld, leaving unaltered the upward-propagated Mach waves. An eccentric nozzle arrangement with a Mach 1.5, 700-m/s inner stream and a Mach 1.0, 360-m/s outer stream produces noise reduction superior to that from concentric arrangements or from the fully mixed equivalent jet. The angle of peak perceived noise shifts from the aft quadrant to the lateral direction. The bene t of the eccentric arrangement is attributed to its shorter potential core relative to a concentric jet. The experiments also reveal emission of strong crackle from the untreated jet, a noise component arising from the nonlinearity of Mach waves. The secondary ow suppresses crackle.
produce a signi cant increase in the jet spreading rate, reduction of mixing noise has been modest at best, and occasionally the jet becomes louder. Moreover, the thrust loss induced by mechanical mixers in supersonic jets can easily reach the order of 10% (Refs. 14 and 17), which is unacceptable for the economic operation of an aircraft. Currently, the leading suppressor is the mixer ejector, 18 which decelerates the jet exhaust by mixing it with entrained air inside a shroud. It provides very good noise reduction, but the required shroud is very large, which adds signi cant drag and weight penalties on top of the mixer losses.
Recently, it was shown that the addition of a secondary ow (co ow) around a supersonic jet can signi cantly reduce Mach wave emission. 19;20 The conditions (speed and temperature) of the secondary ow are such as to render the motion of the jet eddies subsonic relative to the secondary ow, while maintaining the secondary-ow eddies subsonic relative to the ambient ow. The jet instability wave becomes intrinsically subsonic, even though the absolute speed of the instability, as seen by a xed observer, remains supersonic. The method is called Mach wave elimination (MWE) because it prevents formation of strong shock/expansion waves around the jet eddies, which farther out become Mach waves. The conditions of the secondary ow for MWE are based on empirical models for the convective velocity U c , derived from direct measurements of U c in jets and shear layers. 21;22 The effectiveness of the co ow in reducing Mach waves depends primarily on the following factors:
1) The convective Mach number of the jet eddies relative to the co ow, which should be subsonic; the lower its value, the faster the attenuation of the pressure uctuation within the co ow layer.
2) The co ow thickness; the larger it is, the more room a disturbance has to decay subsonically before it is transmitted to the ambient uid.
3) The coverage of the Mach wave emitting region of the jet by the co ow; if the co ow mixes fully with the jet before the end of this region, Mach waves will still be generated.
There is a natural con ict between the rst two factors and the third one. Application of a co ow around a jet reduces the jet growth rate, thus, it prolongs the Mach wave emitting region of the jet. Early tests of MWE with thin co ows showed little or no far-eld noise reduction, even though the near-eld noise was suppressed considerably. This is because the co ow stretched the Mach wave emitting region past the point where the co ow was fully mixed with the jet. As a result, Mach waves far from the jet exit escaped treatment. With thicker co ows, an appreciable far-eld reduction was obtained, 20 but the diameter and mass ow rate of the co ow became seemingly large for supersonic engine operation.
The special nature of supersonic jet noise offers a possible solution to this dilemma. Mach wave radiation is directional. As far as aircraft noise is concerned, only radiation toward the ground matters. It is, thus, compelling to examine what happens if only the lower part of the jet is treated with a co ow and the upper part is allowed to grow naturally and emit Mach waves toward the heavens.
With our present hardware, we were able to set up easily an eccentric dual-stream jet that produced unique and promising results that will help re ne this approach in the future. We know of only one previous silencing method that was directional, the thermal acoustic shield (TAS), reviewed by Seiner and Krejsa. 1 The TAS relied on a layer of hot and slow air to re ect/refract acoustic radiation emitted by the jet. At static conditions, it produced a 5-dB drop in perceived noise level in the direction of peak emission. At forward ight, however, the layer dissipated quickly and the acoustic bene t was completely lost. The TAS con guration bears an external, super cial resemblance to the con guration of MWE discussed in this paper. However, the principles of operation and resulting noise attenuation are very different.
The framework of our research is reduction in perceived noise, which is different from absolute noise, using ow con gurations that are ef cient and realistic from a propulsion standpoint. Included in this effort is suppression of an annoying component of noise, crackle, which is not captured by conventional noise metrics and has been overlooked by recent studies in this eld. Within the limitations of our facility, we tried to achieve con gurations that approach the exhaust conditions of a realistic turbofan engine appropriate for a Mach 1.8-2.0 transport. This means a jet exhaust velocity around 700 m/s, a jet nozzle pressure ratio around 4, and a fan bypass ratio less than 1.0. In contrast with previous works on Mach wave elimination, the secondary ow was exhausted at conditions that simulate an unheated fan stream.
II. Experimental Setup

A. Apparatus
Experiments were conducted using a dual-stream round jet apparatus depicted in Fig. 1 . The primary stream was expanded through an inner supersonic nozzle designed by the method of characteristics for Mach number 1.5. The exit diameter of the inner nozzle was 12.7 mm and its lip thickness was 0.4 mm. Two conical outer nozzles with exit diameters of 17.8 and 21.6 mm were used for the co ow stream. Mixtures of helium and air were supplied to both the primary and secondary streams, which exhausted into ambient still air. By regulating the mass fractions of helium and air, thereby regulating the gas constant of the mixture, we controlled the jet velocity at xed Mach number. Helium-air mixtures simulate adequately the density, velocity, and speed of sound of a heated jet. One can easily match exactly the velocity and Mach number of a heated jet, in which case there will be a small mismatch in density due to the difference in speci c heat ratio between air and the helium-air mixture. For our baseline jet, described hereafter the density mismatch was 9%. Given the weak dependence of shear layer spreading rate on density ratio, 24 we expect this mismatch to have little or no impact on the uid mechanics of the jet. The facility was instrumented with pressure transducers (Setra Model 280) recording the total pressures in the primary and co ow streams as well as the centerline pitot pressure. A 150-mm-diam schlieren system, illuminated by a 20-ns spark gap (Xenon Model N787B), provided ow visualization.
B. Flow Conditions
The geometry of the jets is summarized in Fig. 1 . The baseline jet was pressure matched and had exit velocity U 1 D 700 m/s and Mach number M 1 D 1.5. The gas constant of the helium-air mixture supplied to the jet was R D 760 J/kg ¢ K, and its speci c heat ratio was°D 1:56. Without co ow, this jet is denoted single. For all cases with co ow, the co ow had exit Mach number M 2 D 1:00 and velocity U 2 D 360 m/s. The exit density of the co ow was 10% below that of the ambient air, simulating the exhaust of an unheated fan airstream supplied by a compressor with ef ciency of 85%, that is, the exhaust temperature of the simulated air stream is 10% above ambient. The eccentric case (ECC) resulted from the misalignment of the 12.7-mm-diam jet nozzle with the 17.8-mm-diam co ow nozzle. For this con guration, the maximum co ow thickness was 4.3 mm, and sound measurements were performed for different values of the azimuthal angle Á. Coax1 is a coaxial arrangement having the same co ow area as ECC; it used the same nozzles and had identical thrust and mass ow rates as ECC. Coax2 is a coaxial jet with approximately the same co ow thickness as the maximum co ow thickness in ECC. It used the larger co ow nozzle of 21.6 mm. Finally, there is the fully mixed equivalent (FMEQ) jet of ECC/coax1. Scaled to the same thrust as ECC/coax1, FMEQ has the same mass ow rate and same total enthalpy as ECC/coax1. Tanna 25 has argued that the FMEQ jet is the standard against which dual-stream jets should be judged in the context of noise. A balance of mass, momentum, and total enthalpy shows that the FMEQ has Mach number 1.29 and velocity 550 m/s. Because a Mach 1.29 nozzle was unavailable, this jet was created by operating the Mach 1.5 nozzle in overexpanded mode, resulting in an isentropically expanded Mach number of 1.29. The overexpansion created screech tones that would not have occurred if the jet were pressure matched. This entailed special handling of the noise spectra, described later, for meaningful comparisons with the other cases. Table 1 summarizes the ow conditions. The next-to-last column lists the convective Mach number of the jet eddies M c relative to their surrounding uid (ambient in single and FMEQ, co ow in all others). M c was predicted using the empirical model of Murakami and Papamoschou, 22 which is based on experimental measurements of the eddy convective velocity. The last column lists the calculated thrust of each case normalized by the thrust of case single; this ratio is used for equal-thrust scaling of the noise data. The Reynolds number of the primary jet, based in D 1 , was 3:5 £ 10 5 for the rst four cases and 3:3 £ 10 5 for FMEQ.
C. Noise Measurement
The jet noise was recorded by a 1/8-in. condenser microphone connected to a preampli er and power supply (Bruel and Kjaer Models 4138, 2670, and 5935L, respectively). It was calibrated daily before each series of recordings (Bruel and Kjaer Model 4231 calibrator). Sound measurements were conducted inside an anechoic chamber, approximately 8 m 3 in volume, lined with acoustic wedges (Sonex). The microphone was mounted on an arm that pivoted around an axis, passing through the center of the jet exit. This study concerns itself only with the far-eld sound, for which the microphone was moved on an arc of radial distance r D 1:02 m (r=D 1 D 80). The polar angle µ (Fig. 1) ranged from 20 to 100 deg, measured clockwise from the jet axis. (Because most measurements were done in the lower hemisphere, this convention obviates the need to use negative values for µ throughout this paper.) A few measurements were performed in the upper hemisphere. The azimuthal angle Á took the values of 0, 30, and 45 deg with respect to the vertical; obviously, this pertains only to the ECC. The relative humidity and temperature of the ambient air inside the anechoic chamber were recorded during each experiment.
The microphone, which has a frequency response of 150 kHz, was sampled at 400 kHz by a fast analog-to-digital board (National Instruments AT-MIO-16E1) installed in a Pentium Pro computer. Each recording consisted of 54,280 samples (135 ms), corresponding to the passage of about 10,000 eddies the size of the inner-jet diameter. The signal was high-pass ltered at 500 Hz by a Butterworth lter to remove spurious low-frequency noise. The narrowband power spectrum of the microphone voltage was computed using a 2048-point fast Fourier transform, which provided a spectral resolution of 195 Hz. By the use of the microphone's sensitivity of 1 mV/Pa and accounting for the ampli er gain setting, the voltage power spectrum was converted to the power spectrum of p 0 = p ref , where p 0 is the pressure uctuation and p ref D 20 ¹Pa is the commonly used reference pressure. Converted to decibels, this becomes the spectrum of the sound pressure level (SPL), SPLraw. f /, where f is the measured frequency. This spectrum must undergo several corrections before accurate data can be extracted. The corrected spectrum is given by
where C fr and C ff are the corrections for the actuator response and free-eld response, respectively; they are based on data provided by the manufacturer of the microphone. The atmospheric absorption coef cient is ® (in decibels per meter), computed using the formulas proposed by Bass et al. 26 for the measured values of relative humidity and temperature of the ambient air. At a relative humidity of 30% (typical in our runs), the absorption correction at f D 100 kHz and r D 1 m is 2.5 dB. The last term scales all of the results to the same thrust level. The overall sound pressure level (OASPL) was obtained by integrating the corrected spectrum:
OASPL D 10 log 10
where the upper limit is the highest frequency that can be resolved, in this case, 150 kHz. Assessment of noise reduction schemes is inextricably connected with the human perception of sound, which is very sensitive to the frequency content of the acoustic signal. OASPL is an inadequate and potentially misleading metric in this respect because, as its name implies, it describes only the overall sound, not its distribution vs frequency. Noise sources with the same OASPL can be as much as 17 dB apart in perceived noise, depending on their spectral content. 27 Noise from subscale experiments must be scaled up to full size for meaningful assessment of perceived noise. The corresponding full-size frequencies f ¤ are obtained by dividing the frequencies measured in the experiment by the scale factor, f ¤ D f =scale. To scale up the results of our experiment to an engine exhaust diameter of 1 m, a scaling factor of 80 was used. To proceed further, the scaledup narrowband spectrum must be converted to a discrete third-octave spectrum because all aircraft noise metrics are based on third-octave analysis. The center frequency of the kth octave (OCT k ) band is determined by f OCT k D 10 log 10
A simple metric for the human reaction to noise is the Aweighting, which adds a standard correction curve to the third-octave spectrum:
The correction is, for example, ¡70:4 dB for 10 Hz, ¡19:1 dB for 100 Hz, ¡3:2 dB for 500 Hz, 0 dB for 1000 Hz, and C1:2 dB for 2000 Hz. The frequencies above 1000 Hz weigh heavily in this metric. The same is true for all other forms of perceived noise metrics, such as perceived noise level (PNL), effective PNL (EPNL), etc.
27
In subscale jets two orders of magnitude smaller than the engine exhaust, such as ours, noise at frequencies below 10,000 Hz is of little signi cance to aircraft noise. Table 1 . Application of the co ow in case coax1 eliminates most Mach waves near the nozzle, but some Mach waves far from the nozzle are still apparent. Recall the argument in the Introduction about the lengthening of the potential core with application of the co ow. In case ECC-0, the lower hemisphere appears very clean and devoid of Mach waves, whereas radiation is unaltered in the upper hemisphere. The FMEQ jet emits Mach wave radiation, although it is weaker in the case single. Figure 3 shows the centerline Mach number distributions for cases single, coax1, coax2, and ECC. The lengthening of the jet with application of the concentric co ows is evident. Although it is not easy to infer potential core lengths from Fig. 3 , we can concentrate on, for example, the length to M D 1, which is probably more relevant to Mach wave emission. With reference to single, this length is stretched 24% in coax1 and 45% in coax2. In contrast, the eccentric arrangement ECC stretches the M D 1 length by only 6%. It is evident that the eccentric ow mixes faster than the concentric ows and approaches the mixing rate of the single jet.
III. Results
A. Flow Visualization
B. Centerline Mach Number
C. Actual Noise
The directional treatment of case ECC created very different upper and lower acoustic elds. Shown in Fig. 4 are the far-eld spectra of ECC-0 at the angles of µ D ¡40 deg (upward) and µ D C40 deg (downward). They are compared with the spectra of case single. In the lower hemisphere there is a moderate reduction, around 5 dB, of the low-frequency components and a substantial reduction, around 18-20 dB, of the frequencies above 50 kHz. The broadband nature of the sound reduction re ects that Mach waves are generated from a large variety of turbulent scales, from very small eddies near the jet exit to very large eddies near the end of the potential core. In the upper hemisphere, the spectra of single and ECC practically overlap. The OASPL was reduced by 7 dB in the downward direction, with no reduction in the upward direction. From this point on the discussion of ECC spectra will relate to the lower hemisphere. Figure 5 compares the far-eld spectra of single, ECC-0, coax1, coax2, in the direction of peak emission, µ D 45 deg. The superiority of the eccentric case is evident, which for f D 100 kHz gives a reduction of 18 dB. At the same frequency, coax1, the coaxial jet with same co ow conditions as ECC, gives only a 4-dB reduction. In terms of acoustics, comparison of ECC to coax1 is not fair because coax1 has half the co ow thickness of ECC-0. However, it is a valid comparison in terms of optimizing the exhaust con guration of a turbofan engine with xed bypass ratio. Acoustically, the fairest comparison is with coax2, which has approximately the same co ow thickness as the maximum thickness of ECC. If ECC and coax2 had the same jet growth rate, they should have produced the same noise bene t. Clearly they do not; ECC has a 10-dB advantage over coax2, even though the co ow mass ow rate in coax2 is 2.2 times that of ECC. This underscores the profound effect of growth rate suppression on Mach wave emission. The shortening of the potential core by 39% (Fig. 3) caused a 10-dB noise bene t. Remaining at the same polar angle, Fig. 6 shows the spectra of ECC at the azimuthal angles Á D 0, 30, and 45 deg, and compares them to the spectrum of single. As can be expected from the geometry of the ECC nozzle, the noise bene t declines with increasing Á. Even though the bene t at Á D 30 deg is still substantial (13 dB at 100 kHz), the bene t at Á D 45 deg approaches that of coax2 (8 dB at 100 kHz). Relative to the maximum co ow thickness at Á D 0 deg, the co ow thickness at Á D 30 deg is 91% and at Á D 45 deg is 81%. The eccentric arrangement is just the rst step in our study of asymmetric co ows and more effective nozzle designs will be explored in the future. Finally, Fig. 7 compares the spectra of single, ECC-0, and FMEQ in the direction of peak noise, which for FMEQ was µ D 30 deg. FMEQ gives a modest noise reduction of about 5 dB at 100 kHz, and its spectrum is very similar to that of coax1 in Fig. 5 . The ECC is superior to FMEQ, even at Á D 45 deg. The reason for the ineffectiveness of FMEQ in reducing noise is that, despite its lower velocity relative to single, it still radiates Mach waves as evidenced in Fig. 2d . The spectrum of FMEQ has sharp peaks at 15 and 30 kHz, which are the screech tones due to overexpansion of this jet. Earlier research has shown that, except for these tones, the aft-quadrant spectra of imperfectly matched jets are identical to those of perfectly expanded jets with the same fully expanded velocity and Mach number. 28 To obtain fair representations of the third-octave and dBA spectra of FMEQ, the screech tones were removed manually from all of the FMEQ narrowband spectra. This was a straightforward procedure because the tones were very localized. In addition to screech tones, there is also the issue of broadband shock noise, which cannot be removed as conveniently. However, it affects only the lateral and forward directions, in which the jet is much quieter than it is in the aft quadrant; it will have no effect on our evaluations of perceived noise.
Turning now our attention to the noise emission in the lateral direction, Fig. 8 plots the spectra of single, ECC-0, and coax1 at µ D 90 deg. There are no remarkable differences between them; the co ow has no appreciable impact on this noise, which is caused by ne-scale turbulence in the jet. The directivity of OASPL for single, ECC-0, and FMEQ is plotted in Fig. 9 . The OASPL peaks at µ D 45 deg for single and ECC-0, and at 30 deg for FMEQ. In terms of net OASPL reduction over the entire arc, ECC-0 gives a 8.5-dB reduction and FMEQ a 3.3-dB reduction. Figure 10 plots the dBA spectra of single, ECC-0, and FMEQ in their respective directions of peak emission. At 1000 Hz, ECC-0 provides a reduction of 18 dB, while FMEQ provides a reduction of only 5 dB. The spectral peak, dBA peak , used here as a measure of perceived noise, is reduced by 15 dB in ECC-0 and by 5 dB in FMEQ. The performance of ECC-0 is slightly hurt, in this respect, by a small peak at 200 Hz; better shaping of the co ow nozzle may help in eliminating it. Figure 11 shows the dBA spectra of single and ECC in the azimuthal directions Á D 0, 30, and 45 deg. As noted in the discussion of the narrowband spectra, the geometry of the eccentric nozzle makes noise reduction less effective in the sideline direction. Figure 12 presents the directivity of dBApeak for single, ECC-0, and FMEQ. Perceived noise peaks at µ D 45 deg for single, Fig. 12 A-weighted spectral peak vs µ for single, ECC-0, and FMEQ.   Fig. 13 A-weighted spectral peak vs µ for single, ECC-0, ECC-30 , and ECC-45.
D. Perceived Noise
µ D 30 deg for FMEQ, and µ ¼ 80 deg for ECC-0. Application of the co ow has reduced Mach wave emission so dramatically that the angle of peak perceived noise shifts from the aft quadrant to the lateral direction, which is dominated by mixing noise from ne-scale turbulence. In terms of net perceived noise reduction over the entire arc, FMEQ offers a 5-dB bene t, whereas the bene t of ECC-0 is 11 dB. The dBA peak directivity of ECC measured at various azimuthal angles is shown in Fig. 13 . Compared to single, the net bene t of ECC is 8 dB at Á D 30 deg and 6 dB at Á D 45 deg.
The dBA spectra underscore the limitation of our subscale experiments: the inability to resolve the entire audible spectrum, up to 20 kHz, when we scale up the data. This prevents the calculation of common aircraft noise metrics such as PNL, EPNL, etc. The solution would be to use a microphone with response up to 1 MHz, which does not exist, or scale up the facility by a factor of at least ve, a very expensive proposition. Tests in existing, large-scale facilities are, therefore, desirable once an optimum nozzle con guration has been determined in small-scale tests.
E. Nonlinear Effects
This part of the investigation was spurred by a rather unorthodox way of studying noise. The microphone time trace was converted to a digital audio le and played back at 1/80th the recording speed to simulate noise from a 1-m-diam exhaust (the conversion program was instructed that the sampling rate was 5000 s ¡1 instead of the actual 400,000 s ¡1 ). The playback of the untreated jet revealed a sound remarkably similar to the sound of military jet engines. In the direction of peak emission, a striking and very annoying feature of the playback was the random occurrence of popping sounds, akin to miniature explosions. In acoustic terms, this noise is called crackle; it was rst studied for supersonic jets by Ffowcs Williams et al. 29 This substantial work examined crackle from full-scale engines and subscale experiments. The authors demonstrated that crackle coincides with Mach wave radiation and is not caused by shocks in the jet plume due to imperfect expansion of the jet. They attributed crackle to the nonlinear wave steepening near the source and argued that long-term nonlinear propagation effects were insigni cant. Because spectral analysis cannot capture this transient, abrupt phenomenon, crackle was quanti ed in terms of the skewness of the probability density function (PDF) of the acoustic signal. Noises with skewness below 0.3 were crackle free, whereas those with skewness above 0.4 crackled distinctly.
We were, thus, compelled to examine our pressure time traces and compute the PDF and its skewness. Figures 14a and 14b show 2.5-ms samples of the raw microphone signal p 0 .t/ in the direction of peak emission for single and ECC-0, respectively. Even though it has zero mean, the time trace of single is skewed toward the positive side, indicating stronger compressions than expansions. This is a sign of nonlinearity of sound propagation: Strong compression waves tend to steepen and form shocks; the associated positive p 0 events are sharp. In contrast, the negative p 0 events, associated with expansions, are smoother. Because the time-averaged p 0 must be zero, this dictates that the positive p 0 events have larger amplitude than the negative ones, which is re ected in the microphone trace. The time trace of ECC-0, on the other hand, is symmetric and with signicantly lower amplitude, re ecting the 8-dB drop in OASPL (Fig. 9) .
where P denotes probability, was differentiated to obtain the PDF:
which is plotted in Fig. 15 for single and ECC-0. In the linear plot of Fig. 15a , the PDF of single is skewed toward the positive side, indicating compressions of higher amplitude than expansions. The PDF of single is practically the same as the PDF of noise from the Olympus 593 engine at jet velocity of 622 m/s (Ref. 29) . The PDF of ECC-0 is more symmetric and approaches the normal distribution. To see more clearly the probability of high-amplitude events, the PDFs for single and ECC-0 are plotted in logarithmic coordinate in Fig. 15b . For single, positive events (compressions) with amplitude 6 p 0 rms have a probability of 3:2 £ 10 ¡4 . Even though this probability looks small, it means that pressure spikes with decibel levels 17 counts above the base signal would be heard every 0.7 s, on the average, from a full-scale engine. Examining the likelihood of p 0 D 4 p 0 rms , the normal distribution .2¼ / ¡1=2 exp .¡x 2 =2/ gives a probability 1:3 £ 10 ¡4 , the distribution of ECC-0 gives a probability 3:2 £ 10 ¡4 , and the distribution of single gives a probability 5:1 £ 10 ¡3 , 16 times that of ECC-0. The skewness Sk (third central moment) of the PDF is
where the overbar denotes the mean value. The distribution of skewness vs polar angle for cases single, FMEQ, and ECC-0 is shown in Fig. 16 . For single and FMEQ, the directivity of skewness coincides with that of dBA peak , indicating once again the strong correlation of sound nonlinearity with Mach wave emission. Single has a peak skewness of 1.2 whereas FMEQ has a peak skewness of 0.8, both well above the crackle criterion of 0.4 proposed by Ffowcs Williams et al. 29 The skewness of ECC-0 is below 0.4 for all angles except µ D 55 deg, where it is barely above 0.4. This indicates that ECC-0 has little or no crackle, consistent with the elimination of Mach waves.
Even though the pressure spikes of crackle occupy a small fraction of the total acoustic energy, they constitute a very annoying component of noise. Despite the good correlation of crackle with skewness, 29 skewness is an incomplete descriptor of this noise because it does not capture the sharpness of the pressure waves, which is the source of the annoyance. Other methods such as wavelet transforms may help quantify better this important aspect of high-speed jet noise.
IV. Conclusions
The far-eld, downward-directed sound of a 700-m/s jet was suppressed using an eccentric co ow that eliminated Mach waves from the bottom portion of the jet. The co ow was supplied at a mass ow ratio of 0.67 and at conditions simulating an unheated sonic fan stream. Application of the co ow resulted in a shift of the perceivednoise directivity from the aft quadrant to the lateral direction, with mixing noise from ne-scale turbulence becoming the dominant source of perceived noise. In the aft quadrant, perceived noise was reduced by approximately 16 dBA. Over the measurement arc of 20-100 deg from the jet axis, the net reduction in perceived noise was 11 dBA. Because of its shorter potential core, the eccentric arrangement was superior to coaxial con gurations. It also performed better than the fully mixed equivalent single jet. The experiments also revealed the emission of strong crackle from the untreated jet, a noise component arising from the nonlinearity of Mach waves. Crackle was quanti ed in terms of the skewness of the probability density function of the recorded noise; it was also evident as sharp positive pressure spikes in the microphone time traces. The co ow suppressed crackle, consistent with elimination of Mach waves.
